Introduction
============

Bone remodeling is finely regulated by the balance between bone formation and bone resorption ([@b1-mmr-20-05-4558]). In adult organisms, bone formation is mediated by the recruitment of bone marrow mesenchymal stem cells (BMSCs), which can differentiate into osteoblast cells ([@b2-mmr-20-05-4558],[@b3-mmr-20-05-4558]). A previous study identified that inhibition of osteogenic differentiation of BMSCs leads to impaired bone formation and contributes to osteoporosis ([@b4-mmr-20-05-4558]). Therefore, to treat bone loss, it is necessary to understand the regulatory mechanisms underlying osteogenic differentiation of BMSCs in order to identify novel potential therapeutic targets.

MicroRNAs (miRNAs) are single-stranded small RNA molecules of \~22 nucleotides in length that regulate translation of target mRNAs by binding to their 3′untranslated region (UTR) and mediating translational inhibition or degradation ([@b5-mmr-20-05-4558]). Previous studies have demonstrated that miRNAs have essential roles in a variety of biological processes, including cellular proliferation, apoptosis, differentiation and immunity ([@b6-mmr-20-05-4558]--[@b8-mmr-20-05-4558]). Numerous previous studies identified various miRNAs able to regulate osteogenic differentiation by targeting important osteogenic factors, such as histone deacetylase 9 (HDAC9), RPTOR independent companion of MTOR complex 2, HDAC5 and runt-related transcription factor 2 (RUNX2) ([@b4-mmr-20-05-4558],[@b9-mmr-20-05-4558],[@b10-mmr-20-05-4558],[@b11-mmr-20-05-4558]). However, the roles and the number of miRNAs involved in osteogenic differentiation remain unclear.

In the present study, miR-483-3p was identified to be significantly upregulated during osteogenic differentiation of BMSCs. Overexpression of miR-438-3p using agomiR-438-3p markedly promoted osteogenic differentiation *in vitro*, whereas inhibition of miR-438-3p using antagomiR-438-3p reversed these effects. Moreover, BMSC-targeted aptamer-agomiR-483-3p enhanced bone formation *in vivo*. Collectively, the present study identified a novel role for miR-483-3p and its underlying mechanism in promoting osteogenic differentiation of BMSCs.

Materials and methods
=====================

### Animals and reagents

In total, 20 female C57BL/6J mice of 12 months of age and weighing 35--40 g were purchased from Hunan Slaccas Jingda Laboratory Animal Co., Ltd. All mice were maintained in the specific pathogen-free facility of The Laboratory Animal Research Center at Central South University. Animals were housed under a controlled temperature (25±1°C) and humidity (50%), with a 12-h light/dark cycle and free access to food and water. All animal experimental procedures were approved by The Animal Care and Use Committee of The Xiangya Hospital of Central South University. AgomiR-negative control (NC), agomiR-438-3p, antagomiR-NC and antagomiR-483-3P were purchased from Shanghai GenePharma Co., Ltd. The BMSC-specific aptamer (5′-GAATTCAGTCGGACAGCGACGACGGTGATATGTCAAGGTCGTATGCACGAGTCAGAGGGATGGACGAATATCGTCTCCC-3′) was synthesized by GenScript Corporation.

### Cell transfection

BMSCs were seeded into 6-well plates (1×10^6^ cells/well) and cultured at 37°C for 24 h. After 24 h, BMSCs were transfected with 100 nM agomiR-NC (5′-UUUGUACUACACAAAAGUACUG-3′), agomiR-438-3p (5′-UCACUCCUCCCCUCCCGUCUU-3′), antagomiR-NC (5′-CAGUACUUUUGUGUAGUACAAA-3′) or antagomiR-483-3P (5′-AAGACGGGAGGGGAGGAGUGA-3′) using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) 48 h prior to further experimentation, according to the manufacturer\'s protocol.

### BMSC culture and osteogenic differentiation

Mouse BMSCs were isolated from bone marrow of femurs and tibia of C57BL/6J mice (age, 6--8 weeks) and cultured in α-MEM medium containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 1% penicillin and streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C with 5% CO~2~, as previously described ([@b4-mmr-20-05-4558]). Human MSCs (hMSCs) were isolated from the bone marrow of 30 healthy donors (female; age, 25.0±4.0 years) and the procedure was approved by The Ethics Committee of The Xiangya Hospital of Central South University. All patients provided written informed consent. Osteogenesis induction medium containing 10% FBS, 300 ng/ml bone morphogenetic protein 2 (Sigma-Aldrich; Merck KGaA), 50 µg/ml ascorbic acid and 5 mM β-glycerol phosphate (Sigma-Aldrich; Merck KGaA) was used to induce the osteogenic differentiation of BMSCs and hMSCs for 0, 3, 7, 14 and 21 days.

### miRNA microarray assay and miRNA targets prediction

Total RNA was extracted from 3×10^6^ BMSCs using TRIzol^®^reagent (Invitrogen; Thermo Fisher Scientific, Inc.) after treatment with osteogenic medium for 7 days. Total RNA was quantified using the NanoDrop ND-2000 (Thermo Fisher Scientific, Inc.) and the RNA integrity was assessed using the Agilent Bioanalyzer 2100 (Agilent Technologies, Inc.). Then, total RNA was dephosphorylated, denatured and labeled with Cyanine-3-CTP using the miRNA Complete Labeling and Hub kit (Agilent Technologies, Inc.), according to the manufacturer\'s protocol. The labeled RNAs were hybridized onto a mouse miRNA 8×15K chip (Agilent Technologies, Inc.). After washing, all slides were scanned with the Agilent Scanner G2505C (Agilent Technologies, Inc.). Feature Extraction software (version 10.7.1.1; Agilent Technologies, Inc.) and GeneSpring software (version 13.1; Agilent Technologies, Inc.) were used to analyze the microarray results. Differentially expressed miRNAs were then identified based on the fold change and P\<0.05, calculated using Student\'s t-test, as previously described ([@b4-mmr-20-05-4558]). In total, 4 experimental groups (control group and osteogenic differentiation group) were analyzed, n=5/group. The target genes of miRNAs were predicted using TargetScan Human version 7.2 (<http://www.targetscan.org>) and miRanda (<http://www.microrna.org/microrna/home.do>).

### Alkaline phosphatase (ALP) activity, osteocalcin (OCN) secretion assay and Alizarin Red S Staining

ALP activity was determined using an enzymatic colorimetric ALP kit (Roche Diagnostics), according to the manufacturer\'s protocol. Secreted levels of OCN were measured using a specific OCN immunoassay kit (cat. no. 310950; DiaSorin SpA), according to the manufacturer\'s protocol. Following culture with osteogenesis induction medium for 21 days, BMSCs were fixed with 4% paraformaldehyde at 4°C for 10 min and then stained with 2% Alizarin Red S (Sigma-Aldrich; Merck KGaA) at room temperature for 5 min to evaluate cell matrix mineralization. Staining results were visualized using a Diaphot Inverted Microscope and Camera System (magnification, ×100; Leica Microsystems GmbH), as previously described ([@b12-mmr-20-05-4558]). n=5 in each group.

### RNA isolation and reverse transcription quantitative (RT-q) PCR

Total RNA was extracted from 3×10^6^ BMSCs using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The mRNAs were reverse-transcribed into cDNA using PrimeScript RT reagent kit with gDNA Eraser (Takara Bio, Inc) by incubating at 37°C for 30 min. The qPCR was performed using SYBR^®^ Premix Ex Taq™ (Takara Bio, Inc.) with an ABI 7900 thermocycler (Thermo Fisher Scientific, MA, USA) using 40 cycles of 95°C for 5 sec and 60°C for 30 sec. Nucleotide sequences of primers for STAT1, RUNX2, osterix, Type 1 collagen, ALP, OCN and β-actin are listed in [Table I](#tI-mmr-20-05-4558){ref-type="table"}. miRNAs were reverse-transcribed at 37°C for 60 min using One Step PrimeScript^®^ miRNA cDNA Synthesis kit (Takara Bio, Inc.). Primers for HsnRNA U6 (cat. no. HmiRQP9001), MsnRNA U6(cat. no. MmiRQP9002), hsa-miR-483 (cat. no. HmiRQP0517), mmu-miR-483 (cat. no. MmiRQP1052) were purchased from GeneCopoeia, Inc. The qPCR was performed using SYBR^®^ Premix Ex Taq™ (Takara Bio, Inc.) with an ABI 7900 thermocycler (Thermo Fisher Scientific, Inc) using the following thermocycling conditions: 40 cycles of 95°C for 5 sec and 60°C for 30 sec. The expression levels of the target genes were calculated using the 2^−∆∆Cq^ method ([@b13-mmr-20-05-4558]). β-actin and U6 were used as an internal control for normalizing the expression of mRNA and miRNA, respectively.

### Plasmid construction and luciferase reporter assay

The 3′-UTR of STAT1, containing the predicted miR-483-3p binding sites, was amplified by PCR using the Phanta Super-Fidelity DNA Polymerase (Vazyme) from complementary DNA, using the STAT1 forward primer, 5′-GGGGTACCAGCCATAAACTTGGAGAA-3′ and STAT1 reverse primer, 5′-CCCAAGCTTTCTTGCCCTGACTTGGAT-3′. The PCR thermocycling conditions were as follows: 95°C for 2 min followed by 30 cycles of 95°C for 30 sec, 55°C for 30 sec and 72°C for 60 sec, and a final extension at 72°C for 10 min. The PCR products were digested using *Kpn*I and *Hind*III, and inserted into apGL3-basic vector (Promega Corporation) to generate the reporter vector wild-type-pGL3-STAT1 3′-UTR. A vector containing a mutant version of the STAT1 3′-UTR was constructed using STAT1-mutant forward primer, 5′-GGGGTACCCTTCCCATGTCTCCAGTTAAGTT-3′ and STAT1 reverse primer, 5′-CCCAAGCTTTCTTGCCCTGACTTGGAT-3′. Reporter plasmid containing the promoter of OCN was constructed as previously described ([@b14-mmr-20-05-4558]). The RUNX2 or STAT1 coding sequence was cloned into the pCMV-Myc vector (Sino Biological, Inc.) using *EcoR*I and *Kpn*I restriction enzymes, generatingRUNX2 or STAT1 overexpression plasmids. BMSCs cells were transfected with 2 µg of the RUNX2 plasmid or the STAT1 plasmids along with 100 nM of agomiR-483-3P or antagomiR-483-3 Pusing Lipofectamine^®^ 2000. Relative luciferase activities were determined by a dual-luciferase reporter assay system (Promega Corporation). Luciferase activity was determined 48 h after transfection. *Renilla* activity was used to normalize Firefly luciferase activity.

### Western blot analysis

BMSCs were collected and lysed in RIPA buffer (Beyotime Institute of Biotechnology) with protease inhibitors (Roche Diagnostics) for 30 min on ice. Cells were then sonicated at a power level of 55% on a microtip-equipped Sonic Dismembrator for 5 sec, 3 times, on ice. After sonication, the cell lysates were cleared by centrifugation at 14,000 × g for 10 min at 4°C. Nuclear protein was isolated using a Nuclear and Cytoplasmic Protein Extraction kit (Beyotime Institute of Biotechnology), according to the manufacturer\'s instructions ([@b15-mmr-20-05-4558]). The protein concentration was measured using the Coomassie-blue method, and equal amounts of total protein (15 µg/lane) were separated on a 12% SDS-PAGE, and transferred to PVDF membranes. PVDF membranes were then blocked with 5% BSA for 1 h at room temperature and incubated with primary antibodies overnight at 4°C: Mouse-anti-Runx2 (1:1,000; cat. no. ab76956; Abcam), rabbit-anti-STAT1 (1:1,000; cat. no. 14994; Cell Signaling Technology, Inc.), rabbit-anti-proliferating cell nuclear antigen (1:1,000; cat. no. 13110; Cell Signaling Technology, Inc.) and mouse-anti-β-actin (1:2,000; cat. no. BM5422; Boster Biological Technology). The following day, membranes were washed with 0.1% TBS-Tween 20 (TBST) and incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (1:2,000; cat. nos. sc-2004 and sc-2005; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. After washing, protein bands were visualized using SuperSignal West Dura Extended Duration Substrate (Pierce; Thermo Fisher Scientific, Inc.). Western blot analysis was performed in triplicate.

### Microcomputed tomography analysis

Female mice (age, 12 months) were randomly divided into three groups (n=6 per group). The BMSC-specific aptamer-agomiR-483-3p was synthesized by GenScript Corporation. Aptamer-agomiR-NC, Aptamer-agomiR-483-3P or PBS was periosteally injected into the medullary cavity of the femur twice per month for 3 months. After 3 months of treatment, microcomputed tomography analysis, three-point bending test and bone histomorphometrically analysis were performed as previously reported ([@b4-mmr-20-05-4558],[@b16-mmr-20-05-4558]).

### Statistical analysis

Statistical analysis was performed using SPSS (version 13.0; SPSS, Inc.). Data are presented as the mean ± SD. One-way ANOVA followed by Dunnett\'s post hoc test was used to analyze differences among multiple groups. All experiments were repeated \>3 times. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-483-3p is increased during osteogenic differentiation

To investigate changes in miRNA expression during osteogenic differentiation, BMSCs were cultured with osteogenic medium for 7 days. Changes in miRNA expression were identified by performing miRNA microarray analysis of differentiated BMSCs compared with undifferentiated control samples. The z-score illustrated the relative expression level of a specific miRNA. Each row represents an miRNA and each column represents a sample. From the analysis of the microarray data based on the fold change and probability values, 10 miRNAs were found to be downregulated and 11 were upregulated significantly (fold change, \>2; P\<0.05). Certain miRNAs that have previously been reported to regulate osteogenic differentiation, such as miR-129, miR-188, miR-195 and miR-497 ([@b4-mmr-20-05-4558],[@b17-mmr-20-05-4558],[@b18-mmr-20-05-4558]), were detected in the present microarray analysis ([Fig. 1A](#f1-mmr-20-05-4558){ref-type="fig"}). Among the differentially expressed miRNAs identified, miR-483-3p was significantly upregulated during osteogenic differentiation ([Fig. 1A](#f1-mmr-20-05-4558){ref-type="fig"}). Previous studies have shown that miR-483-3p is involved in cell proliferation, cell cycle and apoptosis ([@b19-mmr-20-05-4558],[@b20-mmr-20-05-4558]), but its role in osteogenic differentiation remains uninvestigated. To examine the expression level of miR-483 during osteogenic differentiation, BMSCs were treated with osteogenic differentiation medium for 0, 3, 7, 14, and 21 days, and the expression level of miR-483-3p was assessed by RT-qPCR. The qPCR results suggested that miR-483-3p levels gradually increased during osteogenic differentiation, in line with the miRNA microarray analysis results ([Fig. 1B](#f1-mmr-20-05-4558){ref-type="fig"}). Additionally, the expression levels of osteogenic gene markers such as ALP and OCN gradually increased during osteogenic differentiation ([Fig. 1C and D](#f1-mmr-20-05-4558){ref-type="fig"}). Furthermore, the change in miRNA-483-3p expression also gradually increased in hMSCs during osteogenic differentiation ([Fig. 1E](#f1-mmr-20-05-4558){ref-type="fig"}). The present results suggested that miRNA-483-3p may play an important role in the process of osteogenic differentiation of BMSCs.

### miR-483-3p promotes osteogenic differentiation of BMSCs

The expression level of miR-483-3p increased during osteogenic differentiation, which suggested that miR-483 may have a role in promoting osteogenic differentiation. To test this hypothesis, BMSCs were transfected with agomiR-483-3p, antagomiR-483-3p or control, and cultured in osteogenic differentiation medium for 48 h. The expression of miR-483-3p was assessed by qPCR ([Fig. 2A](#f2-mmr-20-05-4558){ref-type="fig"}). ALP activity and OCN secretion, two of the most important osteogenic differentiation markers ([@b4-mmr-20-05-4558]), were identified to be increased in agomiR-483-3p-transfected BMSCs compared with the control group ([Fig. 2B and C](#f2-mmr-20-05-4558){ref-type="fig"}). By contrast, these effects were reversed following antagomiR-483-3p transfection ([Fig. 2B and C](#f2-mmr-20-05-4558){ref-type="fig"}). In addition, overexpression of miR-483-3p increased mineralized nodule formation following a21-day incubation in osteogenesis induction medium, as assessed by Alizarin Red staining ([Fig. 2D](#f2-mmr-20-05-4558){ref-type="fig"}). By contrast, knockdown of miR-483-3p decreased the mineralized nodule formation ([Fig. 2D](#f2-mmr-20-05-4558){ref-type="fig"}). Moreover, the expression of osteogenic gene markers such as ALP, OCN, Type I collagen, RUNX2 and osterix were also increased following transfection with agomiR-483-3p ([Fig. 2E-I](#f2-mmr-20-05-4558){ref-type="fig"}). However, the transfection of antagomiR-483-3p decreased the expression levels of these genes ([Fig. 2E-I](#f2-mmr-20-05-4558){ref-type="fig"}). Collectively, the present results suggested that miR-483-3p promoted osteogenic differentiation of BMSCs.

### miR-483-3p directly targets STAT1 to regulate osteogenic differentiation

To understand the molecular mechanisms underlying miR-483-3p promotion of osteogenic differentiation, the potential target genes of miR-483-3p were investigated using the miRNA target prediction tools Targets can and miRanda. Among the putative target genes identified, the present study examined STAT1, which was predicted to be a potential target gene in both databases, and has previously been reported to regulate osteogenic differentiation ([@b21-mmr-20-05-4558]). Sequence analysis suggested that miR-483-3p may target STAT1 by binding to its 3′-UTR in the position 1511--1517 ([Fig. 3A](#f3-mmr-20-05-4558){ref-type="fig"}). To examine whether miR-483-3p can directly bind the 3′-UTR of STAT1, a luciferase reporter plasmid containing the 3′-UTR of STAT1 and a mutated luciferase reporter plasmid were constructed ([Fig. 3A](#f3-mmr-20-05-4558){ref-type="fig"}). Wild-type and mutant STAT1 luciferase expression vectors were then transfected into BMSCS cells along with agomiR-483-3p. Transfection with agomiR-483-3p suppressed the luciferase activity of the wild-type STAT1 3′-UTR, but exhibited no effects on the mutated version of STAT1 3′-UTR ([Fig. 3B](#f3-mmr-20-05-4558){ref-type="fig"}). Moreover, overexpression of miR-483-3p downregulated endogenous STAT1 protein expression, whereas inhibition of miR-483-3p increased STAT1 protein expression levels ([Fig. 3C](#f3-mmr-20-05-4558){ref-type="fig"}). However, STAT1 mRNA levels were not affected by transfection with agomiR-483-3p or antagomiR-483-3p ([Fig. 3D](#f3-mmr-20-05-4558){ref-type="fig"}). The present results suggested that miR-483-3p targetedSTAT1 by binding to its 3′-UTR and affectedSTAT1 expression at the post-transcriptional level.

A previous study reported that STAT1 inhibits osteoblast differentiation by inhibiting RUNX2 transcriptional activity and RUNX2 nuclear translocation, which has been reported to have a key role in osteogenic differentiation and bone formation ([@b21-mmr-20-05-4558]). In the present study, miR-483-3p was identified to downregulate STAT1 expression, and it was hypothesized that miR-483-3p may promote osteogenic differentiation of BMSCs by downregulating STAT1 and enhancing RUNX2 transcriptional activity and nuclear translocation. Interestingly, a previous study reported that overexpression of STAT1 significantly inhibited RUNX2 nuclear translocation and osteoblast differentiation mediated by miR-194 ([@b15-mmr-20-05-4558]). In the present study, overexpression of miR-483-3p was identified to increase the nuclear translocation of RUNX2, but this effect was suppressed by transfection with STAT1 overexpression plasmid ([Fig. 3E and G](#f3-mmr-20-05-4558){ref-type="fig"}). Next, to study the effects of miR-483-3p on RUNX2 transcriptional activity, a reporter plasmid containing the OCN promoter was transfected into BMSCs along with RUNX2 vector, STAT1 plasmid, and/or agomiR-483-3p. Overexpression of RUNX2 significantly increased RUNX2-mediated luciferase activity in a plasmid containing the OCN promoter, whereas co-transfection with STAT1 overexpression plasmid suppressed this effect. Interestingly, RUNX2-mediated luciferase activity was rescued by co-transfection with agomiR-483-3p ([Fig. 3F](#f3-mmr-20-05-4558){ref-type="fig"}). The present results suggested that miR-483-3p promoted osteogenic differentiation of BMSCs by increasing RUNX2 nuclear translocation and RUNX2 transcriptional activity via themiR-483-3p/STAT1/RUNX2 axis.

To further investigate this hypothesis, RUNX2, STAT1 or agomiR-483-3p were transfected into BMSCs to investigate their effects on ALP activity. The present results suggested that ALP activity was significantly increased in the RUNX2 overexpression plasmid transfection group, whereas this effect was inhibited following STAT1 overexpression. Notably, ALP activity was rescued following agomiR-483-3p co-transfection ([Fig. 3H](#f3-mmr-20-05-4558){ref-type="fig"}). Additionally, the transfection efficiencies of RUNX2 and STAT1 overexpression plasmids were examined ([Fig. 3I-K](#f3-mmr-20-05-4558){ref-type="fig"}). Collectively, the present results suggested that miR-483-3p regulated osteogenic differentiation via themiR-483-3p/STAT1/RUNX2 axis.

### miR-483-3p regulates bone formation in vivo

In order to examine the effects of miR-483-3p *in vivo*, BMSC-specific aptamer-agomiR-NC, BMSC-specific aptamer-agomiR-483-3P or PBS was injected into the femoral bone marrow cavity of 12-month-old mice twice per month for 3 months (n=6 in each group). After 3 months, miR-483-3p mRNA levels were measured by RT-qPCR in mice bone tissues. The results showed that the levels of miR-483-3p were significantly increased in bone after injection of BMSC-targeted aptamer-agomiR-483-3p ([Fig. 4B](#f4-mmr-20-05-4558){ref-type="fig"}). Moreover, these mice exhibited significantly higher bone density, trabecular bone volume per tissue volume, trabecular thickness, and tibia maximum load and stiffness, and lower trabecular separation compared with vehicle-treated mice ([Fig. 4](#f4-mmr-20-05-4558){ref-type="fig"}). Furthermore, the number of osteoblasts on the bone surface was significantly increased in mice treated with agomiR-483-3p compared with controls ([Fig. 4G](#f4-mmr-20-05-4558){ref-type="fig"}). The present results suggested that overexpression of miR-483-3p increased bone formation in aged mice.

Discussion
==========

Numerous previous studies identified that miRNAs serve an important regulatory role in bone biology, including osteogenic differentiation and bone formation ([@b4-mmr-20-05-4558],[@b5-mmr-20-05-4558]). In the present study, miR-438-3p expression was identified to gradually increase during osteogenic differentiation. In addition, miR-438-3p promoted osteogenic differentiation of BMSCs by downregulating STAT1 and enhancing the transcriptional activity of RUNX2. Present *in vivo* experiments suggested that increasing miR-483-3p levels using a BMSC-specific delivery system promoted bone formation in aged mice.

miR-483-3p has been widely investigated in various cellular processes and cell types. Specifically, miR-483-3p has been reported to be involved in regulating apoptosis, proliferation, diabetes-associated heart diseases and inhibition of adipocyte differentiation ([@b22-mmr-20-05-4558],[@b23-mmr-20-05-4558]). However, the role of miR-483-3p in regulating osteogenic differentiation of BMSCs remains unclear. In the present study, a novel role of miR-483-3p and its underlying mechanism were identified, and miR-483-3p was found to be involved in regulating the osteogenic differentiation of BMSCs by targeting STAT1.

STAT1 was first identified as a signaling molecule in the interferon signaling pathway ([@b24-mmr-20-05-4558],[@b25-mmr-20-05-4558]). A previous study identified that STAT1 is also involved in osteogenic differentiation and bone formation ([@b26-mmr-20-05-4558]). STAT1 mutant mice exhibit increased bone formation and bone mass, although they also present increased osteoclasts and bone resorption ([@b21-mmr-20-05-4558]). In addition, a previous study demonstrated that STAT1 directly interacts and inhibits RUNX2, a transcription factor with a key role in osteoblast differentiation and bone formation, suppressing the nuclear localization and transcriptional activity of RUNX2 ([@b15-mmr-20-05-4558],[@b27-mmr-20-05-4558]). These previous findings suggested that STAT1 functions as a potent osteogenic inhibitor able to suppress bone formation *in vivo* ([@b15-mmr-20-05-4558],[@b27-mmr-20-05-4558]). A previous study suggested that downregulation of STAT1 could be used as a potential strategy to improve bone formation or osteogenic differentiation ([@b21-mmr-20-05-4558]). The present results suggested that the change in miR-483-3p levels resulted in an alteration in the amount of STAT1 protein. In addition, overexpression of STAT1 can abolish the positive effect of RUNX2 on ALP activity in BMSCs, which is rescued by agomiR-483-3p transfection. Collectively, the present results suggested that STAT1 was a functional target of miR-483-3p and that increasing the expression level ofmiR-483-3p may be a potential strategy for promoting osteogenic differentiation.

Due to the increase in the aging population, osteoporosis has become a major public health problem ([@b28-mmr-20-05-4558]). Intermittent injections of parathyroid hormone 1--38 is a common treatment approach for osteoporosis, but this approach is limited to a 2-year time period and has some potential side effects, such as excessive bone resorption ([@b29-mmr-20-05-4558],[@b30-mmr-20-05-4558]). Novel safe anabolic drugs that increase bone formation are thus required for treating this disease. Previous studies demonstrated that intra-bone marrow injection of agomiR or antagomiR with a BMSC-specific aptamer increased BMSC differentiation and bone formation, suggesting that this approach may represent a potential a strategy to treat osteoporosis ([@b4-mmr-20-05-4558],[@b31-mmr-20-05-4558]). In the present study, a BMSC-specific aptamer was used to deliver agomiR-483-3p into mouse BMSCs via intra-bone marrow injections. The present results suggested that overexpression of miR-483-3p increased bone formation in aged mice. The present results support the aptamer-mediated modulation of miRNA expression levels in BMSCs as a new strategy to treat senile osteoporosis.

Collectively, the present findings suggested that miR-483-3p promoted osteogenic differentiation of BMSCs by targeting STAT1 and enhancing the transcriptional activity of RUNX2, identifying a new role for miR-483-3p and suggesting a novel potential therapeutic target to treat osteoporosis.

Not applicable.

Funding
=======

The present study was supported by The National Natural Science Foundation of China (grant nos. 81700785, 81500686, 81770877 and 81670809).

Availability of data and materials
==================================

The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Authors\' contributions
=======================

YX performed the experiments. WX designed the study. QG and TJJ analyzed and interpreted the data. YY, LY and GWW performed the statistical analysis and drafted the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
==========================================

Human mesenchymal stem cells were isolated from the bone marrow of healthy donors. The procedure was approved by The Ethics Committee of the Xiangya Hospital of Central South University. All animal experimental procedures were approved by The Animal Care and Use Committee of the Xiangya Hospital of Central South University.

Patient consent for publication
===============================

All patients provided written informed consent.

Competing interests
===================

The authors declare that they have no competing interests.

![Expression level of miR-483-3p during osteogenic differentiation of BMSCs. (A) Changes in miRNA expression were analyzed by miRNA microarray using BMSCs cultured in osteogenic differentiation medium or in α-MEM control medium for 7 days. Red indicates increased expression and blue indicates decreased expression compared with the control group. (B) RT-qPCR analysis of the expression level of miR-483-3p in BMSCs cultured in osteogenic differentiation medium for 0, 3, 7, 14 and 21 days. RT-qPCR analysis of the mRNA levels of (C) OCN and (D) ALP at 0, 3, 7, 14 and 21 days. (E) RT-qPCR analysis of the expression level of miR-483-3p in hMSCs cultured in osteogenic differentiation medium for 0, 3, 7, 14 and 21 days. Data are presented as the mean ± SD. n=5 per group. \*P\<0.05, \*\*P\<0.01 vs. 0 day. BMSCs, bone marrow mesenchymal stem cells; miRNA, microRNA; RT-qPCR, reverse transcription-quantitative PCR; ALP, alkaline phosphatase; OCN, osteocalcin; hMSCs, human mesenchymal stem cells; miR, microRNA.](MMR-20-05-4558-g00){#f1-mmr-20-05-4558}

![miR-483-3p promotes osteogenic differentiation of BMSCs. (A) RT-qPCR analysis was performed to assess the expression level of miR-483-3p in BMSCs after transfection with agomiR-NC, agomiR-483-3p, antagomiR-NC or antagomiR-483-3p for 48 h. (B) ALP activity and (C) OCN secretion were measured after transfection with agomiR-483-3p, antagomiR-483-3p or NC for 48 h. (D) Alizarin Red staining was used to quantify matrix mineralization in BMSCs after induction of osteoblast differentiation for 21 days. Magnification, ×200. RT-qPCR analysis of the mRNA levels of (E) ALP, (F) OCN, (G) Type 1 collagen, (H) RUNX2 and (I) osterix in BMSCs cultured in osteogenic differentiation medium for 48 h. Data are presented as the mean ± SD. n=5 in each group. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. corresponding NC. BMSCs, bone marrow mesenchymal stem cells; miR, microRNA; ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2, runt-related transcription factor 2; NC, negative control; RT-qPCR, reverse transcription-quantitative PCR.](MMR-20-05-4558-g01){#f2-mmr-20-05-4558}

![miR-483-3p targets STAT1 to functionally promote osteogenic differentiation. (A) Base pairing of miR-483-3p with STAT1 3′-UTR. Luciferase reporters with the WT-STAT13′-UTR and the MUT-STAT13′-UTR. (B) AgomiR-NC or agomiR-483-3p were co-transfected with WT-STAT13′-UTR or MUT-STAT1 3′-UTRinto BMSCs, and luciferase activity was determined 48 h after transfection. *Renilla* activity was used to normalize Firefly luciferase activity. (C) Western blotting and (D) RT-qPCR analysis of the relative expression level of STAT1 after transfection with agomiR-483-3p or antagomiR-483-3p into BMSCs. (E) Western blot analysis of STAT1 and RUNX2 protein expression in the cytoplasm. β-actin was used as loading control. (F) Luciferase reporter assay of OCN promoter activity in BMSCs after co-transfection with a dual-luciferase reporter plasmid containing the OCN promoter along with RUNX2 plasmid or RUNX2 and STAT1 overexpression vectors. (G) Western blot analysis of RUNX2 protein expression in the nucleus. PCNA was used as loading control. (H) ALP activity in BMSCs was analyzed after transfection with RUNX2 plasmid or RUNX2 and STAT1 plasmids. (I) RUNX2 and (J) STAT1 expression levels were analyzed in the four experimental groups. (K) STAT1 expression level was analyzed following transfection of STAT1 plasmid. Data are presented as the mean ± SD. n=5 in each group. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. miR, microRNA; RUNX2, runt-related transcription factor 2; OCN, osteocalcin; RT-qPCR, reverse transcription-quantitative PCR; UTR, untranslated region; BMSCs, bone marrow mesenchymal stem cells; CDS, coding sequence; MUT, mutant; WT, wild-type; PCNA, proliferating cell nuclear antigen; ALP, alkaline phosphatase; NC, negative control.](MMR-20-05-4558-g02){#f3-mmr-20-05-4558}

![miR-483-3p regulates bone formation *in vivo*. BMSC-specific aptamer-agomiR-483-3p, aptamer-agomiR-NC or PBS was periosteally injected into 12-month-old mice twice per month for 3 months. (A) Effect of BMSC-specific aptamer-agomiR-483-3p in aged mice as determined by microCT examination. (B) RT-qPCR analysis of the expression level of miR-483-3P in bone. Quantitative microCT analysis of femoral histomorphometric parameters, including (C) BMD, (D) BV/TV, (E) Tb.Th, (F) Tb.Sp and (G) Tb.N. Three-point bending measurement of tibia (H) maximum load and (I) stiffness. Data are presented as the mean ± SD. n=6 in each group. \*P\<0.05, \*\*\*P\<0.001 vs. control. NC, negative control; miR, microRNA; BMSCs, bone marrow mesenchymal stem cells; BMD, bone mineral density; BV/TV, bone volume/tissue volume; Tb.Th, trabecular thickness; Tb.Sp, trabecular spacing; Tb.N, trabecular number; microCT, microcomputed tomography.](MMR-20-05-4558-g03){#f4-mmr-20-05-4558}

###### 

Nucleotide sequences of primers used for quantitative PCR.

  Gene              Genbank accession no.   Primer sequence (5′-3′)
  ----------------- ----------------------- ----------------------------
  RUNX2             NM_001146038            F: AGAGTCAGATTACAGATCCCAGG
                                            R: TGGCTCTTCTTACTGAGAGAGG
  Osterix           NM_130458.4             F: ACCAGGTCCAGGCAACAC
                                            R: GCAAAGTCAGATGGGTAAGTAG
  STAT1             XM_017319463.1          F: TCACAGTGGTTCGAGCTTCAG
                                            R:GCAAACGAGACATCATAGGCA
  Type 1 collagen   NM_007742               F: GCTCCTCTTAGGGGCCACT
                                            R: CCACGTCTCACCATTGGGG
  ALP               XM_017319924            F:CCCCATGTGATGGCGTAT
                                            R:CGGTAGGGAGAGCACAGC
  OCN               NM_001032298            F:AAGCAGGAGGGCAATAAGGT
                                            R:ATGCGTTTGTAGGCGGTCTT
  β-actin           NM_007393.5             F: GGCTGTATTCCCCTCCATCG
                                            R: CCAGTTGGTAACAATGCCATGT

F, forward; R, reverse; RUNX2, runt-related transcription factor 2; ALP, alkaline phosphatase; OCN, osteocalcin.
